A meta generalized gradient level screened range-separated hybrid functional is developed for solid-state electronic structure theory. Assessment of the present range-separated hybrid functional for solid-state lattice constants and band gaps indicate that the present functional can be used for describing those properties efficiently in meta-GGA level. Specifically, the performance of the present functional for band gap of solids indicates that the present meta-GGA level screened hybrids functional is quite productive beyond the GGA level. The most appealing feature of the present formalism is that a method has been suggested which is based upon an accurate semilocal functional.
I. INTRODUCTION
The Kohn-Sham (KS) formalism of density functional theory (DFT) 1,2 is one of the most widely used and accurate theoretical framework for electronic structure calculations of condensed systems. In the KS formalism the system is effectively one electron like where all the many electron interactions are taken care by exchangecorrelation (XC) energy or potential. The effective one electron potential in DFT, also best known as KS potential is sum of the classical coulomb or Hartree potential (v H ), the exchange-correlation potential (v xc ), and the external potential generated by the nuclei (or ion) (v ext ):
v KS (r) = v H (r) + v xc (r) + v ext (r).
(
In Eq.(1) the only unknown quantity is the v xc , which need to be treated approximately in DFT. Various approximations 39 are proposed for last couple of decades to treat accurately the v xc . All these approximations are recognized through the Jacob's ladder 3 , where each rung of the ladder add an extra ingredients starting from local density approximations 4 . The generalized gradient approximations (GGA) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and meta generalized gradient approximations (meta-GGA) [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] are next two higher rung after LDA. The LDA, GGA and meta-GGA are widely used for performing electronic structure calculations [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] in DFT community for their semilocal nature. though the semilocal approximations enjoy early success but due to lack of "many electron self interaction (MESI)" and "non-locality" 38 there are cases in which the performance of semilocal approximations is not satisfactory. The non-locality within the density functionals approximations (DFAs) are introduced through the mixing of Hartree-Fock (HF) exact-exchange either globally (global hybrids) [39] [40] [41] or in range separated scheme (range separated hybrids) [42] [43] [44] [45] [46] [47] [48] [49] [50] . Though the global hybrid functionals are very popular in quantum chemistry 39-41 but they are not so popular for condensed matter electronic structure theory 51 . Beyond the global and long range corrected hybrid functionals, the range separated hybrids proposed using short range HF with DFAs are very popular due to their very improved performance for the solid state systems, especially in band gaps 42, 43, .
Designing a range separated hybrid functionals requires the exchange hole. The exchange hole is proposed using Taylor series approximations 17 or density matrix expansion 26 or reversed engineered technique 46, [78] [79] [80] . The popular Heyd-Scuseria-Ernzerhof (HSE) 42, 43 functional is designed using the reversed engineered exchange hole of PBE functional. Beyond the GGA level screened range separated hybrid functionals, the meta-GGA level screened range separated hybrid functionals is also proposed recently by Tao et.al. 46 using by utilizing the TPSS exchange energy functionals. Beyond the TPSS exchange energy funcional, very recently, Tao-Mo proposed an accurate semilocal functional 26 for quantum chemistry and solid state system using density matrix expansion based semilocal exchange hole with the slowly varying fourth order gradient approximation. Motivated by the TM functional and its underlying construction we propose an screened range separated hybrid functional to be used for condensed matter systems. In designing the present screened range separated hybrid functional we utilize the local density approximation based exchange hole for the short range semilocal part with the short range HF. This is the possible conventional way to utilize the TM functional in screened range separated hybrid functional scheme for solid state systems bypassing its reversed engineered exchange hole. Though, very recently, another way of inclusion of exchange hole in short range semilocal functional is proposed 50 , but, that scheme not perform satisfactory way as it is found in the present work. Surprisingly, the only LDA exchange hole on the top of the TM exchange-correlation functional performs efficiently in describing both the lattice constants and band gaps of solids. In this paper we design a screened range separated hybrid functional in meta-GGA level and the performance of the present functional is carried out for solid state lattice constants and band gaps using the projectoraugmented-wave method [81] [82] [83] [84] [85] [86] with the plane wave basis set.
The present paper is organized as follows: In the following we will discuss about the generalized KS potential to be used in the hybrid functional calculations. Following this we will give the formulation of the present range separated hybrid functional using semilocal ex-change functional and short range HF. Next we will briefly discuss the implementation of the developed range separated functional and its performance for solid state lattice constants and band gaps.
II. METHODOLOGY
The general scheme of inclusion of non-local XC potential within the KS formalism is known as generalized Kohn-Sham formalism (gKS). The gKS potential is written as,
Alternatively, this can be written as,
where the semilocal short range (sl-sr) and semilocal long range (sl-lr) part added into the semilocal exchangecorrelation functional which in our present case is the TM functional. Here, the parameter α controls the amount of HF mixs with the semilocal functional and µ is the range separated parameter. The α = 0 value corresponds to pure semilocal formalism. The range-separated density functional theory is actually developed by separating the 1 |r−r ′ | operator into short and long-range part as,
Using the above seperation scheme the range separated parameter µ of Eq. (3) is included into the exact HF exchange through the following equation, ) and the semilocal potential (v sl x ). In meta-GGA level theory the exchange potential is obtained not only by taking the derivative with respect of density and gradient of density of the exchange energy functional but also the partial derivative of KS kinetic energy density is also required. In gKS formalism the semilocal exchange potential is expressed as
where ǫ sl x is the exchange energy density. In our present study ǫ sl x is the TM semilocal exchange energy density. The TM exchange energy functional can be expressed as,
The TM enhancement factor is given by,
where, F DME x
is the enhancement factor derived from density matrix expansion. Here,
(with y = (2λ − 1) 2 p) and the slowly varying fourth order gradient expansion is given by F . The TM functional used w as the weight factor between DME based functional form and slowly varying fourth order gradient expansion. The readers are suggested to go through the references 26, 32 for the details of the derivation of the functional form and the terms associated with the TM functional. The interpolation factor w is the function of meta-GGA ingredient z = τ W /τ , where τ W is the von Weizsäcker kinetic energy density. In the slowly varying density limit w is small therefore the fourth order density gradient approximation dominates. Not only that the interpolation factor w have different unique features which makes the TM functionals works equally well both for molecular and solid state systems. The semilocal potential of the TM functional can be derived from Eq.(6). Now, only the remaining part of the potential is the semilocal short-range part. In the present case we have constructed the semilocal short-range from the LDA exchange hole. Using the LDA exchange hole the semilocal short range part of the exchange energy functional becomes,
where
4π is the exchange energy per electron of the homogeneous electron gas and A = µ 2k f . Through A the screening parameter includes into the semilocal short range part. The reason we use only LDA exchange hole in our semilocal short range part because, using it we obtain satisfactory results for both the lattice constant and band gaps. Other way the inclusion of exchange hole is given in reference 50 . But the inclusion of full scheme (given in reference 50 ) into this present functional form worsen its performance for lattice constants. Therefore, we stick with the LDA exchange hole only. The TABLE I. Equilibrium lattice constant a0 (inÅ) of different solid structures using HSE06, SRSH-TM-TPSSc and SRSH-TM. All the experimental reference values are collected from ref. 32, 55 . The structures we consider here are A1 = face-centered cubic, A2 = diamond, A3 = body-centered cubic, B3 = zinc blende, and B1 = rock salt. The relative deviation (in percentage) of the individual species using each functional is also given. Table I ). Table -II using different functionals. hybrid which uses TM exchange plus modified TPSS correlation). We assess the performance of both the SRSH-TM-TPSS and SRSH-TM for solid state lattice constants and band gaps.
All the self consistence calculations of the present functional is carried in the projector-augmented-wave (PAW) environment with the plane wave basis set in Vienna Ab initio simulation package (VASP) [81] [82] [83] [84] [85] [86] . The PAW methods are very accurate in density functional calculations and its performance is same as all electron calculations used in different codes. The TM functional is recently implemented 37 in VASP. Present implementation of range separate hybrid functional is based on this TM implementation. Now we come to the discussion of the value of µ and α for our present range separated functional. The value of the parameter α is chosen to be 0.25. This value is recommended by recently proposed TPSS based meta-GGA hybrid functional and also it has been used in HSE06 functional. Regarding µ parameter, in the HSE06 functional the µ parameter is set to 0.11 bohr −1 , yielding a well balanced description for lattice constants and band gaps. In the present case we also recommended µ = 0.11 bohr −1 which produce a very balanced treatment of both the lattice constants and band gaps. The performance of the present meta-GGA level range separated functional is compared with widely used HSE06 functional. Unless otherwise stated the default values µ and α values are used in VASP recommended HSE06 calculations.
Here we have calculated the mean (relative) error (ME/MRE), mean absolute (relative) error (MAE/MARE) and the standard deviation of the (relative) error (STDE/STDRE) to study the accuracy of each functionals. The definition we used here to calcu- Table-I and Table- late those are as follows,
where Y i and y i are the calculated and experimental values respectively.
III. RESULTS AND DISCUSSIONS

A. Lattice Constants
The fundamental test one should perform to check the robustness of a given functional for solids is the equilibrium lattice constant. Predicting the accurate equilibrium lattice constant is paramount important in view of the structural properties of a solid. To perform the benchmark calculation of SRSH-TM-TPSSc and SRSH-TM we employ the two functionals for studying 47 crystalline structures which includes a test set of six metals like Ag, Al, Cu, Pd, K, Li and 41 semiconductors. Among the semiconductors we consider (i) 3 diamond structures − C, Si and Ge, (ii) 23 zinc blende structures − SiC, BN, BP, BAs, BSb, AlP, AlAs, AlSb, β−GaN, GaP, GaAs, GaSb, InP, InAs, InSb, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, MgS, MgTe, (iii) 17 ionic crystals − MgO, MgSe, CaS, CaSe, CaTe, SrS, SrSe, SrTe, BaS, BaSe, BaTe, LiCl, LiF, NaCl, LiF, NaCl, NaF. To test the performance and robustness of the SRSH-TM-TPSSc and SRSH-TM we also put HSE06 into comparison. All the hybrid functional calculations are performed starting from the well converged wavefunction of PBE calculation. The Γ− centered Monkhorst-Pack 52 like 11×11×11 k grids are used for all our calculations.
In Table- I, we have summarized the performance of all the function under study. First we discuss the performance of HSE06 functional. The HSE06 functional is based on the semilocal PBE functional. Mixing fraction of exact exchange seems to be improve the lattice constant compared to its semilocal form as it is shown in reference 53 . It is well known that HSE06 has the inherit tendency to overestimate lattice constants and it can be overcome using a improved description of PBE i.e, PBEsol and its hybrid version HSEsol 54 . In TABLE III we have listed the overall statistics of HSE06 for all the solids using HSE06 functional. Overall, using HSE06 we obtain the MAE of 0.039Å. Now we come to the performance of newly constructed SRSH-TM-TPSSc and SRSH-TM. Regarding the performance of SRSH-TM-TPSSc, due to the TPSS correlation the lattice constants of all the crystalline structures are overestimated in this case. This drawback can be explained from the performance of TM-TPSS as reported in reference 37 . In the reference 37 it is shown that MAE of TM-TPSS is 0.045Å. Mixing HF with TM-TPSS actually overestimates more and give the MAE of 0.045Å. In the present formalism of screened hybrid functional theory using TM correlation with HF improves its over SRSH-TM-TPSSc and gives MAE 0.042Å which is only 0.004Å and 0.003Å greater than its base functional TM and hybrid HSE06 respectively. Regarding the performance of HSE06 and semilocal TM functional both perform equivalently as it is shown in this paper and reference 37 . From Fig.(1) it is evident that in case of Ge, AlAs, GaP, GaAs, InP, InAs, InSb, ZnS, ZnSe, ZnTe, CdTe, MgS, MgSe, MgTe, Ag, Cu, K the SRSH-TM actually performs better than HSE06. For other cases the performance of HSE06 is better or equivalent compared to SRSH-TM.
B. Band Gaps
It is well known that the accurate band gap prediction is only achievable through the hybrid functional scheme due to the inclusion of HF exchange which actually balance the delocalization and localization problem arises from semilocal and HF exchange. As present range separated scheme is based on the hybrid interface, therefore, it is always interesting to check the performance of the present scheme for band gaps problem. Besides the present scheme is based on the semilocal funcional which is the second best performer after SCAN meta-GGA in predicting the band gaps within semilocal formalism 37 . Also, it is noteworthy to mentioned that the meta-GGA functional implemented with the framework of gKS formalism gives more realistic band gap 88 . Therefore, within meta-GGA hybrids the improvement in band gap comes from both the semilocal formalism and mixing of HF exchange.
Here, we choose 34 semiconductors (including insulators) to assess the performance of SRSH-TM-TPSSc and SRSH-TM along with the HSE06. We report performance of all the functionals in TABLE II. Here, all the band gaps are calculated at experimental lattice constants. The experimental geometries are collected from reference 73 . From TABLE II it is evident that all the screened hybrid functionals perform better than their respective semilocal form due to the inclusion of HF exchange. It is well known that, the HSE06 functional is widely used functional for prediction band gap of semiconductor for small band gap material (upto 5 eV). For large band gap materials HSE06 actually underestimates the band gap. But, the performance of HSE06 quite productive because the computational cose of HSE06 is less than accurate many body treatment like GW or many body perturbation theory (MBPT). Regarding the performance of meta-GGA level screened range separated hybrids SRSH-TM-TPSSc and SRSH-TM, we observed the band gap is more enhanced than HSE06 for all the materials. this is obvious because the meta-GGA functionals are implemented in gKS scheme which produced more realistic band gap than GGA. Here, mixing the HF exchange with meta-GGA level semilocal functionals actually enhance the band gap more. For the semiconductors for which HSE06 underestimates the band gap slightly, inclusion of HF exchange with meta-GGA level screened range separation scheme actually compensate those. Regarding the overall comparison of SRSH-TM-TPSSc with SRSH-TM and HSE06, the SRSH-TMTPSSc overestimate the band gaps of those materials for which HSE06 and SRSH-TM quite accurate. It has been observed for the band gap values of ScN, Si, Ge, SiC, GaP, InP, InAs, InSb, and CdTe that HSE06 is accurate for those systems. SRSH-TM also gives very comparable results with HSE06. But, the overestimation of band gaps is observed using SRSH-TM-TPSSc for those materials. Overall, the SRSH-TM functional is quite productive over HSE06 for predicting the band gap of semiconductor materials. It is also noteworthy to mention that, the calculated band gap values at their experimental lattice constant can also be compared with different semilocal functionals which are quite good (but not always) in predicting band gaps in semilocal level 73 . Interestingly, few band gaps reported using TPSS based screened hybrid functionals in reference 46 is also comparable with the band gap of SRSH-TM in TABLE II.
The only drawback of present functional form is that it overestimates the band gap for which HSE06 is exact (or slightly overestimating). It could be avoided by using the full reverse engineered exchange hole of TM functional. It also noteworthy that TPSS based screened functional also overestimates those values as shown for few specific cases in reference 46 .
IV. CONCLUSIONS AND FUTURE DIRECTION
We assess the performance of solid state lattice constants and band gaps using the meta-GGA level screened range separated hybrids SRSH-TM-TPSSc and SRSH-TM with the PAW method. To check the robustness of the present proposition we also compared the performance of the present functional with HSE06 functional. The results obtained using the SRSH-TM-TPSSc and SRSH-TM are found to be interesting. This is first ever test of any meta-GGA level screened range separated hybrid functional for both the lattice constants and band gaps. From the prospective of lattice constants the overall performance of SRSH-TM is quite impressive. The MAE of SRSH-TM differs from HSE06 and TM semilocal functional only by 0.003Å and 0.004Å. It has been observed that for several cases where HSE06 has the tendency to overestimate the lattice constants SRSH-TM performs quite well. Regarding the performance of SRSH-TM and SRSH-TM-TPSSc, the performance of SRSH-TM is quite better compare to SRSH-TM-TPSSc. The improved performance of SRSH-TM actually comes from change is correlation. TM exchange coupled with TM correlation performs better than TPSS correlation for solid state lattice constants.
From the point of view of functional form it is very simple. Only the LDA based exchange hole is used in its short range together with HF short range exchange. It is observed that a simple modification on the top of the TM functional improves its performance for band gap. As discussed earlier the band gap problem is not achievable through the semilocal level only suitably mixing HF with semilocal performs well for band gaps. The performer of SRSH-TM indicates that it is a good competitor with HSE06, especially for cases HSE06 has the tendency to underestimate the band gaps. Though few cases SRSH-TM overestimates the band gap more compare to HSE06. But the overall performance of SRSH-TM is quite well.
Lastly, we want to conclude that the present SRSH functional based on TM semilocal functional keeps all the good properties of TM functionals which is very accurate for predicting solid state properties in semilocal level. The advantage of the present SRSH-TM (we recommand SRSH-TM over SRSH-TM-TPSSc because SRSH-TM performances more balanced way than SRSH-TM-TPSSc for both the lattice constant and band gap) is that is mixes HF which actually overcome several drawback that is actually not achievable in semilocal level for TM, more precisely the band gap. Another interesting feature of the present formalism is that it is based on meta-GGA level theory which is very accurate than GGA in different ways. Several electronic structural properties can be studied using this screened meta-GGA level functional. As a future direction of present SRSH functional it is always interesting to study the dielectric dependent performance of SRSH because it improves the screening effects and several other properties [74] [75] [76] [77] .
